Nodulated soya bean (Glycine max L.) plants at the early flowering stage were allowed to assimilate 13 CO 2 under steady-state conditions, with a constant 13 C abundance, for 8 h in the light. The plants were either harvested immediately or 2 d after the end of the I3 CO 2 feeding, divided into young leaves (including flower buds), mature leaves, stems + petioles, roots and nodules; the 13 C abundance in soluble carbohydrates, organic acids, amino acids, starch and poly-/?-hydroxybutyric acid was determined with a gas chromatography-mass spectrometry.
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The rapid turnover of 13 C in the sucrose pools observed in all organs of the plants showed that sucrose was the principal material in the translocation stream of primary products of photosynthesis. At the end of the 13 CO 2 exposure, sucrose in the mature leaves as the major source organs and in the stems + petioles was labelled with currently assimilated carbon to about 75 per cent, whereas a much higher labelling of sucrose was found in the roots and in the nodules. This suggests the existence of two or more compartmented pools of sucrose in mature leaves and also in stems + petioles.
The relative labelling patterns of individual organic acids and amino acids were similar in various plant organs. However, the rapid turnover of succinate and glycine was characteristic of nodules. Treatment with a high concentration of nitrate in the nutrient media increased the turnover rate of amino acid carbon in shoot organs and roots, while it markedly decreased the labelling of amino acids in nodules. The cyclitols, except for D-pinitol, were significantly labelled with assimilated 13 C in mature leaves, but in nodules, the labelling was very much less.
In the nodules, which were actively fixing atmospheric nitrogen, a large proportion (80-90 per cent) of currently assimilated carbon was found as sucrose and starch at the end of the 13 CO 2 feeding. This was also true of the roots. On the other hand, in young growing leaves, the distribution of currently assimilated carbon into sucrose, starch and other soluble compounds was much less. This suggests that a large amount of carbon assimilated by and translocated to young leaves was used to make up structural materials, mainly protein and cell wall polymers synthesis, during the light period.
INTRODUCTION
In the previous paper (Kouchi and Yoneyama, 1984) , we presented the design for a long-term, steady-state 13 CO 2 assimilation system at a constant CO 2 concentration with a constant 13 C abundance. By using this system, the fate of photoassimilated carbon in water-cultured, nodulated soyabean plants was investigated. This paper reports the results of the assay of The aim of this work is to obtain an integrated account of the translocation, temporary accumulation and metabolism of carbon assimilated by photosynthesis during a day of approximately natural length. The present investigation attempts to estimate the apparent turnover of carbon in the pools of individual metabolites with 8 h photosynthesis and also to trace quantitatively the fate of the assimilated carbon in the individual metabolites during the following 2 d.
One of our special interests is in the pathways of carbon flow in nodules. Nodules actively fixing atmospheric dinitrogen are strong sink organs for the translocation of photoassimilated carbon in nodulated legumes. The activity and efficiency of symbiotic dinitrogen fixation is strongly dependent on the photosynthetic ability of host plants and on the allocation of photoassimilates into nodules (Hardy and Havelka, 1976; Pate, 1977) . A large amount of daily assimilated carbon is translocated into nodules and used as the energy source for dinitrogen fixation and as carbon skeletons for the assimilation of fixed nitrogen, and also to support nodule growth and/or maintenance (Rawthorne et al., 1980) . However, although the importance of current photosynthates in nodule function is well confirmed (Pate, 1977) , there have been few studies to investigate carbon metabolism in nodule cells. This work is the first step to investigate the components of carbon flow and the utilization of photosynthetic products in nodules. CO 2 assimilation and the procedures of harvesting and preparation of freeze-dried samples were described in the preceding paper (Kouchi and Yoneyama, 1984) .
MATERIALS AND METHODS

Plant
Extraction and fractinnatinn of soluble compounds
Freeze-dried tissue samples were extracted with hot 80 per cent (v/v) ethanol followed by centrifugation at 3000 g for 30 min, then the pellets were washed three times with 80 per cent ethanol. The supernatant and washings were combined and concentrated, followed by extraction with methylene chloride to remove pigments and lipids. The resulting aqueous solution was passed through the columns of Dowex 50-H + and Dowex 1 -HCOO", and separated into neutral (carbohydrates), acidic (organic acids) and basic (amino acids) fractions as described by Wang (1960) . 13 
C analysis with gas chromatography-mass spectrometry
The 13 C abundance in individual constituents of carbohydrates, organic acids and amino acids was determined with a gas chromatograph-mass spectrometer (GC-MS). A Model JMS-D300 double-focusing mass spectrometer (JEOL, Tokyo, Japan) was equipped with a model 5710A gas chromtograph (Hewlett-Packard, Avondare, PA, USA). The conditions of gas chromatography were as follows: 3 per cent OV-17, 140-260 °C (4 °C min" 1 ) for TMS-oximes of carbohydrates, 3 per cent SE-30,100-200 °C (2 °C rnin" 1 ) for TMS-organic acids, and 0-5 per cent EGA, 100-220 °C (4 °C min" 1 ) for TFA-butyl esters of amino acids, respectively. Glass columns, 180 cm long and 2 mm internal diameter, were equipped and Chromosorb WHP (100/120 mesh) was used as a carrier material. The flow rate of carrier gas (He) was 40 ml min -1 . The details of the method of the measurement of 13 C abundance by GC-MS were reported previously (Kouchi, 1982) . The chemical ionization method with isobutane as a reagent gas was adopted and the 13 C abundance was calculated by using the intensities of quasi-molecular ion (MH + ) peak and its isotopic species. The pressure of reagent gas was about 133 Pa, the ionization potential was 70 eV, the ion source temperature was 200 °C and the ionization current was 300 fiA. Scanning mass ranges were 440-640, 200-500 and 200-400 M/E, for TMS-oximes of carbohydrates, TMS-organic acids and TFA-butyl esters of amino acids, respectively. Scanning interval was set at 1 0 s per scan. The data were expressed as means of three or four replicated measurements.
Individual consituents of carbohydrates were quantified with a GC with a FID-detector (Model GC-7A, Shimadzu Co. Ltd, Kyoto, Japan) with the column and temperature conditions as above described. /?-Phenyl glucoside, which was added prior to the fractionation with ion-exchange resins, was used as an internal standard.
Determination of 13 C abundance in starch
Starch was hydrolysed enzymatically by the method described by Wittenbach et al. (1980) . The residue from 80 per cent ethanol extraction was dried, 10 ml of 0-2 N KOH containing 100 mM ethanol was added, and the tubes were placed in water bath at 95 °C for 2 h. After cooling to room temperature, 3 ml of sodium acetate buffer (pH 4-4) and glucoamylase (from Rhizopus nevius) were added and incubated at 52 °C for 2 h to hydrolyse starch to glucose. The incubation mixture was filtered and the amount of glucose was determined enzymatically by using an assay kit (Boehringer-Mannheim GMBH, Mannheim, Germany). Aliquots of the filtrate were evaporated to complete dryness followed by the preparation of TMS-oxime derivative of glucose in the hydrolysate and the 13 C abundance was determined by GC-MS.
Determination of
C in poly-fl-hydroxybutyric acid
Poly-/?-hydroxybutyric acid (PHB) in nodules was extracted with the method described by Wong and Evans (1971) and hydrolysed with hydrazinolysis as described by Ottaway (1962) . A freeze-dried sample of nodules (approximately 100 mg dry weight) was extracted with 30 ml of sodium hypochlorite (> 5 per cent) solution overnight at 38 °C, followed by centrifugation at 8000 g for 20 min. The pellet was washed twice with acetone, dried and resolved in chloroform at 80 °C. After cooling to room temperature, the solvent was removed under vacuum at 50 °C, 2 ml of anhydrous hydrazine was added and allowed to stand at 37 °C for 18 h to obtain /?-hydroxybutyrate hydrazide. After filtration, the solvent was evaporated and the residue was washed with water followed by refluxing with 3 N HC1 for 3 h. The resulting solution was dried completely and 1 ml of TMSI-B was added to obtain TMS-derivative of /9-hydroxybutyrate. The (Kouchi and Yoneyama, 1984) . % -y-Amino butyric acid. § Aspartic acid + asparagine. U Glutamic acid + glutamine.
abundance in /?-hydroxybutyrate was determined by using GC-MS with the column and temperature conditions as above described for the analysis of TMS-organic acids.
Calculation of experimental results
Experimental results for 13 C abundance were converted to the percentage (X) of currently assimilated carbon during the 13 CO 2 exposure period in total carbon in the individual compounds in the same manner as in the preceding paper (Kouchi and Yoneyama, 1984) by using the following equation:
13 C atom per cent excess in a given compound 13 C atom per cent excess in the air supplied
In the following description, the currently assimilated carbon during the 8 h l3 CO 2 exposure period is denoted simply as 'assimilated carbon'. 
RESULTS
Results are summarised in Tables 1 to 5 for each component part of the plants. All data are expressed as means of duplicate samples. The relative variances were less than 10 per cent in most cases. Sucrose was the most highly labelled compound in all organs of the plants at day 0. In the mature leaves, which are considered to be major source organs for translocation of photoassimilates, the percentages of assimilated carbon in sucrose was about 75 per cent as a mean at day 0 and was only a few per cent at day 2 (Table  2) . Sucrose in the stems + petioles was labelled to approximately the same extent as in mature leaves (Table 3 ). In young expanding leaves, sucrose showed the highest percentage (about 85 per cent) of assimilated carbon at day 0 and a significantly high percentage of assimilated carbon was also found in sucrose at day 2 as compared with the other organs (Table 1 ). In the roots of nitrate-treated plants and in the nodules of no-nitrogen plants, sucrose was labelled with assimilated carbon at day 0 at higher levels than in the mature leaves, but only a trace of assimilated carbon was found in sucrose at day 2 (Tables 4, 5 ). Glucose and fructose were labelled to 50-60 per cent with assimilated carbon at day 0 and to 3-10 per cent at day 2 in young and mature leaves, roots, and nodules (no-nitrogen plants). However, they were labelled to lower percentages in stems+petioles at day 0, while higher percentages were found at day 2 than in the other organs.
The high percentage of assimilated carbon in starch at day 0 and its rapid decrease during the following 2 d, as observed in young and mature leaves (Tables 1, 2) , indicate the active dynamics of starch in metabolism in the leaf tissues. On the other hand, in the roots and nodules, the labelling of starch with assimilated carbon was relatively low at day 0 and increased during the following 2 d (Tables 4, 5 ). Treatment with a high concentration of nitrate in the nutrient media increased the percentges of assimilated carbon in starch in all the organs except the young leaves. However, the treatment markedly decreased the amount of starch in all the organs (Table 6 ).
The existence of four kinds of cyclitols, D-pinitol (5-O-methyl-D-inositol), ( + )chiroinositol, sequoyitol (2-O-methyl-myo-inositol) and myo-inositol has been reported for nodulated soya bean plants (Streeter, 1980) . All these cyclitols were found in all organs of the plants analysed in the present experiment. The rapid turnover of myo-inositol was observed in young and mature leaves, in which the percentages of assimilated carbon in myo-inositol amounted to 35-50 per cent at day 0 and decreased markedly at day 2 (Tables 1,2). Sequoyitol was also significantly labelled with assimilated carbon in mature leaves. On the other hand, in the nodules, the percentages of assimilated carbon in cyclitols were extremely low at day 0, and somewhat increased at day 2 (Table 5 ). D-Pinitol and (+ )chiro-inositol were at most only slightly labelled with assimilated carbon at day 0 in the all organs but after 2 d, significant quantities of label was detected. These results were in good agreement with the results of our preliminary work (Kouchi, 1982) . The treatment with a high concentration of nitrate increased the percentage of assimilated carbon in the individual cyclitols in young and mature leaves, stems + petioles and roots over the time course of the experiment. However, no significant change in the labelling of cyclitols was observed between the nodules of no-nitrogen and of nitrate-treated plants (Table 5 ).
In the organic acid fraction, malonate, fumarate, malate, succinate, glutarate and citrate were found and their l3 C abundances were determined (except for citrate in mature leaves and nodules, in which the content of citrate was too low to estimate the 13 C abundance with enough precision). Two of the Krebs cycle acids, succinate and malate, were rapidly labelled with assimilated carbon in all organs of the plants, although the levels of labelling of these oganic acids were much lower than that of sugars at day 0. Fumarate was also rapidly labelled in the roots and nodules, with a lower level of labelling in the aerial organs. A rapid turnover of glutarate was observed in the mature leaves, but in the other organs the labelling of glutarate and malonate was considerably lower than that of other organic acid constituents at day 0. An extremely high percentage of assimilated carbon was observed in succinate in the nodules of no-nitrogen plants; the treatment with nitrate markedly decreased the labelling of succinate in the nodules (Table 5) . General patterns of labelling of individual amino acids were not greatly different in various plant organs. Alanine, serine, y-aminobutyrate, phenylalanine, aspartate/asparagine and glutamate/glutamine were highly labelled with assimilated carbon at day 0. Glycine was also highly labelled in the nodules of no-nitrogen plants. The percentages of assimilated carbon in the individual amino acids declined during the 2 d after the end of the 13 CO 2 exposure period with the exception of glycine in the roots of nitrate-treated plants (Table 4) . The treatment with a high concentration of nitrate increased the percentages of assimilated carbon in amino acids in the shoot organs and in the roots at day 0, while in the nodules of nitrate-treated plants, the turnover rate of amino acid carbon was significantly lower than in the nodules of no-nitrogen plants (Table 5) .
The results of 13 C measurements of PHB in the nodules are shown in Table 5 . The percentage of assimilated carbon in PHB was extremely low at day 0 and slightly increased at day 2 in the nodules of no-nitrogen plants, although a higher labelling of PHB was observed in the nodules of nitrate-treated plants at day 0. This indicates that PHB is metabolically inactive and possibly does not function as an energy source for dinitrogen fixation at least in the growth stage of the plants used in the present experiment.
The amounts of individual carbohydrates and starch are shown in Table 6 as the means of four samples at days 0 and 2. No significant differences in the amounts of these compounds were observed between samples at days 0 and 2. D-Pinitol was the major cyclitols in each plant organ, particularly in the young leaves and in the stems + petioles. Sucrose made up a large part of the soluble carbohydrates in all organs of the plants. An extremely high content of starch was found in the mature leaves and lower starch contents were detected in the roots and nodules. Treatment with a high concentration of nitrate decreased the starch content of each plant organ: the starch content in the nodules of nitrate-treated plants was about one-tenth of that in the nodules of no-nitrogen plants. However, the contents of sucrose and other soluble carbohydrates were not different significantly between no-nitrogen and nitrate-treated plants. Table 7 shows the amounts of assimilated carbon contained in the individual components of soluble carbohydrates and in starch. Distribution of assimilated carbon into sucrose and starch are also indicated as percentages in total assimilated carbon in the tissues as reported in the preceding paper (Kouchi and Yoneyama, 1984) . In the mature leaves, 75-85 per cent of total assimilated carbon was found in starch and sucrose at the end of the 13 CO 2 assimilation, while only 15-25 per cent of the assimilated carbon was detected in starch and sucrose in the young expanding leaves. Thus, it is considered that a large amount of assimilated carbon was probably incorporated into insoluble materials such as proteins and structural carbohydrates in young leaves during the 13 CO 2 assimilation period. On the other hand, in the roots and nodules, 80 per cent or more of assimilated carbon was contained in sucrose at day 0, while more than 90 per cent of assimilated carbon found in the tissue was distributed into insoluble materials at day 2.
DISCUSSION
It has been confirmed by many investigations using the 14 CO 2 tracer method or by direct analysis of phloem exudate that sucrose is the major form in which photoassimilated carbon is translocated from photosynthesizing leaves to sink organs in nodulated legumes (Clauss, Mortimer and Gorham, 1964; Pate, 1975) . The results obtained here are also consistent with the view that sucrose is the primary source material in the translocation stream of photoassimilates.
Only a few investigations have been carried out to estimate the required length of time of labelling for the isotopic saturation of the translocates or of the pools of primary products of photoassimilated carbon by using steady-state 14 CO 2 labelling techniques. In soya bean plants fed 14 CO 2 at a constant partial pressure with a constant specific radioactivity, the isotopic saturation of sucrose pools in source leaves was achieved within 100 min after the start of 14 CO 2 feeding (Fisher, 1970ft) . Although in the present experiment, we could not pursue the time course of labelling of each component part and/or of the pools of the metabolites during the 13 CO 2 exposure period because of the restriction of the assimilation system, it is reasonable to consider that the 8-h duration of steady-state 13 CO 2 assimilation was long enough to achieve the isotopic saturation of the pools of temporary metabolites in source leaves. The percentages of assimilated carbon in sucrose in the leaves and stems+petioles were considerably lower than in the nodules (no-nitrogen plants), roots and also in the young expanding leaves, into which a considerable amount of carbon was translocated from the mature leaves (Yoneyama, Arai and Totsuka, 1980) . This suggests the existence of at least two compartmented pools of sucrose in mature leaves and in stems + petioles. The larger pool has a rapid turnover rate and is closely connected with the translocation stream of currently assimilated carbon, whereas another is a smaller, stationary pool with a relatively low turnover rate and possibly separate from the translocation stream of current photoassimilates. On the assumption that the isotopic saturation of sucrose pools was achieved at the end of the 13 CO 2 assimilation period, the size of the stationary pool was estimated as about 20-30 per cent of total size of the sucrose pools both in mature leaves and stems-(-petioles. This rough estimate is in good agreement with the results of steady-state 14 CO 2 labelling experiments reported by Fisher (1970a, b) . The physical basis of the compartmentation has not been elucidated but it has been shown that vacuoles function as a temporary storage pool of organic metabolites including neutral sugars, and a large amount of sucrose was found in vacuoles isolated from the protoplasts of Tulipa leaves (Wagner, 1979) . This may be a possible interpretation for the intracellular compartmentation of the pools of sucrose and also of the other metabolites.
Starch in the young and mature leaves was highly labelled with assimilated carbon at the end of the 13 CO 2 exposure period. If starch degradation did not occur during light period, it is considered that starch in the leaves accumulated to two-or three-fold of the initial level during the 8-h photoperiod. Mature leaves contained a very high content of starch at the end of the 8-h 13 CO 2 exposure period and in consequence, a large part of assimilated carbon was found in starch at day 0. In no-nitrogen plants, the amount of assimilated carbon in starch in the mature leaves accounted for 46 per cent of the total assimilated carbon in the whole plant at day 0, and about 70 per cent of the assimilated carbon found in starch at day 0 was exported from and/or used in the mature leaves during the following 2 d. This indicates the special significance of starch in mature leaves as a temporary storage form of assimilated carbon.
The pattern of the accumulation of assimilated carbon into starch and its utilization in the roots and nodules was quite different from that in the leaves. The starch contents of roots and nodules were very low and the labelling of starch with assimilated carbon in these organs was also low. The amount of assimilated carbon in starch was larger at day 2 than day 0 (Table 7) . These results indicate that the carbon flow through starch is relatively small in these organs. Streeter (1980) reported positive correlations between nitrogen fixing activity and the concentration of D-pinitol and of sucrose in soya bean nodules. Myo-inositol is considered to be primary source material for the synthesis of the other cyclitols (Loewus and Dickinson, 1982) . The results presented here are consistent with this hypothesis because the labelling of myo-inositol was generally most rapid of all the cyclitols in all organs of the plants and also strongly suggest that the major sites of synthesis of these cyclitols are the mature leaves. D-Pinitol and (-l-)chiro-inositol were detected in phloem exudate as well as in xylem sap (Streeter, 1981; Layzell and LaRue, 1983) . Thus, a large part of cyclitols contained in the roots and nodules might be transported from the leaves. However, it is considered that these cyclitols are not directly connected with the translocation stream and the metabolism of recently assimilated carbon in the roots and nodules, because of the low turnover rates of these cyclitols observed in the roots and nodules. Especially, it can be concluded that D-pinitol and (-i-)chiro-inositol have no relation with a flow of recently assimilated carbon in all organs of plants. The metabolism and the role of these cyclitols especially in relation to nodule function are not at present clear.
Little has been published on the pathways of carbon flow in intact nodules since the early work reported by Bach, Magee and Burns (1958) . The results presented in Table 5 give the composite features of the metabolism of photoassimilated carbon in nodule tissues. High concentrations of and the rapid turnover of sucrose support the view that nitrogen-fixing activity is strongly dependent on the supply of recently assimilated carbon (Pate, 1977) and/or dependent on the intensity of carbon flux from the host plant (Lawrie and Wheeler, 1973) . The importance of the transport of organic acids of the Krebs cycle from the host cell cytosol to the bacteroids to support the nitrogen-fixing activity has been suggested in recent years (Ronson, Lytleton and Robertson, 1981) . The labelling patterns of individual organic acids were not greatly different in various plant organs including the nodules. However, the rapid turnover of succinate in the nodules of no-nitrogen plants may indicate the possible importance of succinate in the metabolism of the bacteroid to support its nitrogen fixing activity (Glenn, Poole and Hudman, 1980) . In the amino acid fraction, the relatively rapid turnover of glycine and glutamine/glutamate was characteristically observed in the nodules of no-nitrogen plants as compared with the other organs of the plants. This may be consistent with the important roles of these amino acids in the pathways of the assimilation and export of fixed nitrogen in the nodules (Rawthorne el al., 1980) . Treatment with a high concentration of nitrate in the nutrient media for 4 d prior to the I3 CO 2 assimilation decreased the labelling of intermediary metabolites in the nodules as a whole, but the extent of the decrease was not as large as the decrease in nitrogen-fixing (C 2 H 2 reduction) activity (Kouchi and Yoneyama, 1984) . In addition, treatment with nitrate did not affect the concentrations of soluble carbohydrates including sucrose, although it decreased starch content in the nodules. Taken together, these results are not consistent with the view that the reduction of nodule growth and of nitrogen-fixing activity by the treatment with nitrate is mainly due to the decreasing of carbohydrate supply to nodules. Rather, the results support the hypothesis that the short-term inhibitory effect of nitrate on nodule function is directly related with the metabolism of nitrate in the nodules (Streeter, 1982; Stephens and Neyra, 1983) .
Clearly, the information presented here is too limited to elucidate in detail the relationship between the pathways of carbon metabolism and nitrogen fixation. For this purpose, it is necessary to investigate biochemically the differentiation of carbon metabolism between bacteroid and host cell cytosol (Bergersen, 1982) , although the overall results in this paper do give some framework for further experimentation.
The amounts and distribution of assimilated carbon in soluble carbohydrates and starch provide information about the significance of recently assimilated carbon for the growth of young growing organs of the plants. As reported previously (Kouchi and Yoneyama, 1984) , young leaves, roots and nodules were rapidly growing at the growth stage of the plants used in this experiment. In the young leaves, a large amount of assimilated carbon (about 70-80 per cent) was considered to be incorporated into the structural materials such as protein and/or cell wall components during the 13 CO 2 exposure period. By contrast, in the roots and nodules, the most part of assimilated carbon was found in intermediary metabolites, mainly sucrose, and the amount of assimilated carbon incorporated into structural materials was less than 20 per cent of total assimilated carbon found in these organs at day 0. This means probably that the greater part of currently assimilated carbon translocated into the roots and nodules was used as respiratory substrates during the 8-h 13 CO 2 exposure period. The results presented in Table 7 suggest that in the roots and nodules (as compared to young expanding leaves), the currently assimilated carbon was used preferentially to support the respiration and that the assimilated carbon may be utilized for the structural growth of roots and nodules after some lag time. To confirm this hypothesis, detailed time-course studies are in progress, including the estimation of respiratory evolution of assimilated carbon in each organ of the plants.
